Spontaneous damage to DNA as a result of deamination, oxidation and depurination is greatly accelerated at high temperatures. Hyperthermophilic microorganisms constantly exposed to temperatures exceeding 80 o C are endowed with powerful DNA repair mechanisms to maintain genome stability. Of particular interest is the processing of DNA lesions during replication, which can result in ®xed mutations. The hyperthermophilic crenarchaeon Sulfolobus solfataricus has two functional DNA polymerases, PolB1 and PolY1. We have found that the replicative DNA polymerase PolB1 speci®cally recognizes the presence of the deaminated bases hypoxanthine and uracil in the template by stalling DNA polymerization 3±4 bases upstream of these lesions and strongly associates with oligonucleotides containing them. PolB1 also stops at 8-oxoguanine and is unable to bypass an abasic site in the template. PolY1 belongs to the family of lesion bypass DNA polymerases and readily bypasses hypoxanthine, uracil and 8-oxoguanine, but not an abasic site, in the template. The speci®c recognition of deaminated bases by PolB1 may represent an initial step in their repair while PolY1 may be involved in damage tolerance at the replication fork. Additionally, we reveal that the deaminated bases can be introduced into DNA enzymatically, since both PolB1 and PolY1 are able to incorporate the aberrant DNA precursors dUTP and dITP.
INTRODUCTION
Life at high temperatures represents a big challenge in respect to maintaining the integrity of genetic information stored in DNA. It has been demonstrated that the DNA molecule undergoes spontaneous deamination, depurination and oxidation at greatly increased rates at the high temperatures at which hyperthermophilic archaeal organisms such as Sulfolobus normally live (1) . The lesions arising in DNA, particularly during chromosomal replication, must be quickly dealt with otherwise they impose genome instability leading to death or ®xed mutations. To counteract increased DNA damage, hyperthermophiles are endowed with ef®cient DNA repair enzymes such as uracil DNA glycosylase b from Pyrobaculum aerophilum (Pa-UDGb), the representative of the ®fth family of uracil-DNA glycosylases, which removes deamination products of both cytosine and adenine, i.e. uracil and hypoxanthine, respectively (2) . It has been demonstrated that the archaeal B family replicative DNA polymerases such as Pfu also speci®cally recognize uracil in the template utilizing a special binding pocket in their N-terminal domain resulting in the termination of primer extension about 4 bases upstream from the lesion (3) . Interestingly, the crenarchaea such as those from the genus Sulfolobus also possess another DNA polymerase, PolY1 (4, 5) , belonging to the Y family. The Y family DNA polymerases are specialized in the replication of aberrant DNA templates and are able to bypass certain DNA lesions in an error-free manner but show low ®delity on normal DNA template (6, 7) . The structural basis of lesion bypass by the Y family DNA polymerases has recently been investigated by crystallographic approaches utilizing PolY1 from two different strains of Sulfolobus (8±10). It has been suggested that the ability of Y family polymerases to bypass template lesions is due to fewer contacts with the primer± template and a more open catalytic site which lacks the a-helix (O-helix domain) directly involved in the geometrical selection of correct base pairs in other DNA polymerases (11, 12) .
In order to deepen our understanding of how DNA lesions are processed during progression of the replication fork in archaea we have tested interactions of two known DNA polymerases from the model crenarchaeon Sulfolobus solfataricus with selected heat-induced lesions present in the DNA template as well as in the nucleotide pool. Here we demonstrate that the progression of the replicative DNA polymerase PolB1 is arrested at the lesions while the DNA polymerase PolY1 bypasses them. We also extend the knowledge of speci®c`read-ahead' recognition of uracil in the template (13) by PolB1 to another DNA deamination product, hypoxanthine.
MATERIALS AND METHODS

Enzymes and substrates
Sulfolobus solfataricus DNA polymerases B1 and Y1 were puri®ed from Escherichia coli overexpressing strains as described previously (14, 15) . Rabbit polyclonal antiserum was raised against puri®ed PolY1 by TaKaRa-Shuzo. Taq (rTAQ) and Pfu DNA polymerases were purchased from TaKaRa and Stratagene, respectively. FPLC grade dNTPs were purchased from Amersham Pharmacia Biotech. Template oligonucleotides containing modi®ed bases, i.e. uracil, hypoxanthine, 8-hydroxyguanine (8-oxoG) and a synthetic abasic site (AP-site, tetrahydrofuran moiety) were synthesized by Nippon Gene Ltd (Toyama, Japan). All other oligonucleotides including Cy3-labeled ones were synthesized by BEX Corp. (Tokyo) and double puri®ed by HPLC.
Quantitative western blot analysis
Sulfolobus solfataricus (strain P2) cells were grown aerobically at 80°C, pH 3.5, in 100 ml of Brock's basal salt medium supplemented with glucose (2 g/l) (16) . Growth was monitored spectrophotometrically at 600 nm and when the absorbance reached a value of 0.7 OD, 0.5 ml aliquots of the culture were withdrawn and centrifuged in Eppendorf tubes. Each pellet was resuspended in 100 ml of SDS±PAGE sample buffer (50 mM Tris±HCl, pH 6.8, 10% glycerol, 100 mM 2-mercaptoethanol, 0.6% SDS, 0.01% Bromophenol blue). Aliquots of the extract were subjected to SDS±PAGE together with samples of the puri®ed DNA PolB1 and DNA PolY1. Then the gels were electroblotted onto PVDF membranes and western blot analyses were carried out with rabbit polyclonal antisera raised against DNA PolB1 and DNA PolY1. Antigen± antibody interactions were detected with horseradish peroxidase-conjugated secondary antibodies and the ECL + kit (Amersham Pharmacia Biotech). Chemiluminescence was analyzed using a Chemi Doc 2000 System with the Quantity One software (Bio-Rad). For calculating the number of DNA PolB1 or PolY1 molecules, it was assumed that 1.1 Q 10 9 cells/ml are present in a culture of Sulfolobus when the absorbance at 600 nm is 1 OD.
Primer extension assays
Standard DNA polymerase reactions (10 ml) were performed in 30 mM potassium phosphate buffer (pH 7.4), 7.5 mM MgCl 2 , 1.25 mM b-mercaptoethanol, 5% glycerol, 100 mM dNTPs and 50 nM annealed 5¢-Cy3-primer/template. PolY1 and PolB1 were added at 50 nM concentration and Taq and Pfu DNA polymerases at 2.5 U/reaction, followed by incubation at 55°C for 10 min. Reactions were terminated by adding 1 vol of stop solution (98% formamide, 10 mM EDTA, 20 mg/ml blue dextran) and the products were resolved by electrophoresis in 15% denaturing polyacrylamide gel and visualized using a Molecular Imager FX (Bio-Rad). The template used for all reactions was 5¢-GAAGGGATCCT-TAAGACTGTAACCGGTCTTCGCGCG-3¢ with lesions or altered bases individually placed at the underlined positions as speci®ed in the relevant ®gures. The sequences of the primers used were 5¢-CGCGCGAAGACCGG-3¢ and 5¢-CGCGCGA-AGACCGGTTAC-3¢.
DNA binding BIAcore assay
The analysis was carried out using a BIAcoreX instrument by injecting 90 ml of the appropriate DNA polymerase at ®ve different concentrations (10, 50, 100, 250 and 500 nM) in standard HBS-EP buffer over a SA chip surface with captured oligonucleotide at a¯ow rate of 30 ml/min. The oligonucleotides used were basically the same as those in the primer extension assay except for being biotinylated at their 3¢-termini to enable immobilization. The sequence was 5¢-GAAGGGATCCTTAAGACTGTAACCGGTCTTC-GCGCG-biotin-3¢, where the underlined G was optionally substituted for uracil, hypoxanthine or 8-oxoG. The sequence of the optionally annealed primer was 5¢-CGCGCG-AAGACCGGTTA-3¢. Prior to analysis~500 RU of the appropriate oligonucleotide was captured on the SA chip surface via biotin±streptavidin coupling. The chip was regenerated between injections by a pulse of 2 M NaCl to remove the remains of protein bound from a previous injection. Where applicable, the equilibrium dissociation constants (K d ) were calculated from the kinetic traces of every ®ve injection set using the BIAevaluation Software version 3.0 (BIAcore, Uppsala, Sweden) employing global ®tting according to thè 1:1 binding with mass transfer' prede®ned model.
RESULTS
To approach the question of how DNA lesions in¯icted by thermal stress affect DNA replication in hyperthermophiles, we have puri®ed a new Y family DNA polymerase from S.solfataricus strain P2 which we term PolY1 (15). First we raised antiserum against the puri®ed PolY1 in rabbits and compared its expression level to the level of PolB1 in vivo in growing S.solfataricus cells using quantitative western blot analysis ( Fig. 1) . We estimate that the number of molecules of PolB1 per cell at OD 600 = 0.7 is around 1500, whereas for PolY1 it is about 4000.
Next we investigated how PolY1 as well as the main chromosomal replicase PolB1 from the same organism perform primer extension and interact with several model DNA lesions in vitro (Fig. 2) . The AP-site severely inhibited primer extension by both DNA polymerases from Sulfolobus as well as by the Taq DNA polymerase used as an A family thermostable polymerase control. The blockage of PolY1 by an AP-site may seem to con¯ict with the data of Boudsocq et al. (17) , who reported ef®cient AP-site bypass with the same enzyme at 37°C. However, upon enhancing the image darkness we could observe limited AP-site bypass by PolY1 but not PolB1 under our experimental conditions. 8-oxoG, a major oxidative damage in DNA, also severely inhibited primer extension by PolB1 and most of the primers stopped 1 bp before the lesion. However, unlike the AP-site, 8-oxoG did not inhibit primer extension by PolY1. The primer was ef®ciently extended beyond the lesion and fully extended to the end of the template strand by PolY1. In the cases of uracil and hypoxanthine, the major products of primer extension by PolB1 corresponded to the position more than 1 bp upstream from the lesion sites. This premature halt of DNA polymerization upstream from the template deaminated bases resembles`read-ahead sensing' of uracil by other archaeal B family DNA polymerases such as Pfu (13) . It is apparent, however, Nucleic Acids Research, 2003, Vol. 31, No. 14 4025 that in the case of hypoxanthine there is signi®cant primer extension upstream of the lesion and even to the full-size product. In contrast, the primer was ef®ciently extended beyond the lesions and elongated to the full size by PolY1 and Taq DNA polymerase.
To determine the inhibitory distance from uracil and hypoxanthine, we have moved the primer start site further upstream from these lesions (Fig. 3) . We also included the Pfu DNA polymerase as a positive control. PolB1 as well as Pfu paused 3±4 bp upstream from the lesions whereas PolY1 and Taq DNA polymerase bypassed the lesions ef®ciently. These results strongly suggest that PolB1 and Pfu recognize hypoxanthine as well as uracil by the read-ahead recognition mechanism. It should also be noted, however, that PolB1 was capable of extending a small fraction of primers to the fulllength products, particularly in the case of hypoxanthine. This is in contrast to the clear stop of Pfu. The primer extension by Pfu mostly terminated at 4 bp upstream from the positions of uracil and hypoxanthine and no visible full-size extension was detectable. These results, together with the results shown in Figure 2 , suggest that the read-ahead recognition of hypoxanthine by PolB1 is not so strict as for uracil and also that Pfu is more sensitive in sensing uracil and hypoxanthine in the template strand than PolB1.
It has recently come to light that modi®ed bases can be introduced into DNA enzymatically through the incorporation of modi®ed dNTPs such as 8-oxo-dGTP or dUTP (18, 19) . We have previously demonstrated that PolY1 incorporates 8-oxo-dGTP and 2-OH-dATP into DNA in an erroneous manner (15) . Here we show that both B and Y family DNA polymerases from S.solfataricus as well as the control Taq DNA polymerase from the aerobic gram-negative bacterium Thermus aquaticus ef®ciently insert dUTP and dITP into DNA (Fig. 4) . dITP was more ef®ciently incorporated opposite template C and A compared with template G and T.
In order to further strengthen our ®ndings on the speci®c recognition of deaminated bases in the template by PolB1, we have investigated the physical interactions of both PolB1 and PolY1 with template oligonucleotides containing lesions using the surface plasmon resonance technique. PolB1 showed greatly enhanced binding to oligonucleotides containing a single uracil or hypoxanthine (Fig. 5A) . Because the binding kinetics of PolB1 to DNA did not ®t well with the prede®ned 1:1 binding model, we were unable to accurately determine its K d values. Nevertheless, based on the 1:1 model, we estimated the semi-quantitative K d values of PolB1 to the oligonucleotides containing uracil or hypoxanthine as 2±4 nM (Table 1 ). In the cases of other lesions, i.e. the AP-site and 8-oxoG, we did not observe any differences in binding to the lesioncontaining versus normal undamaged oligonucleotides. In contrast, PolY1 displayed no enhanced binding to the oligonucleotides containing any of the lesions. PolB1 has an af®nity for normal undamaged single-stranded DNA (ssDNA) with a K d of 55 nM, which is similar to the af®nities for DNA of E.coli DNA polymerase I, rat DNA polymerase b or the previously characterized PolY1 from Sulfolobus strain P1 (5). PolY1 displayed generally weaker binding to undamaged ssDNA than PolB1, with a K d of 456 nM (Fig. 5B) . However, PolY1 displayed a slight increase in af®nity for undamaged primed DNA which has partly double-stranded DNA sequences (Table 1 ). In summary, the strong binding of PolB1 to uracil and hypoxanthine in the template supports our conclusion that both bases are recognized by the uracilbinding pocket of the enzyme. This agrees with previous reports about the tight binding of archaeal B family DNA polymerases such as Pfu to uracil-containing DNA (3, 13, 20) .
DISCUSSION
To examine the roles of DNA polymerases in the processing of DNA lesions in the hyperthermophilic archaeon S.solfataricus, we have puri®ed the new Y family DNA polymerase PolY1 and its main replicase PolB1. Compared to its homolog from a related Sulfolobus strain characterized previously (5), PolY1 showed more robust synthetic activity requiring much lower enzyme concentrations to perform primer extensions. This is in agreement with the fact that PolY1 characterized by another group could substitute for Taq DNA polymerase in PCR reactions (17) . Interestingly, the expression levels of PolB1 and PolY1 are 1500 and 4000 molecules/cell, respectively (Fig. 1) . These numbers are noticeably higher than the ones reported for E.coli DNA Pol III (10±20 molecules/cell) or DNA Pol I (400 molecules/cell) (21), rather resembling the level of fully SOS-induced E.coli Pol IV (22) . One possible explanation for this is that most of these molecules are engaged in repairing the massive lesions in¯icted on the Sulfolobus chromosomal DNA by heat exposure. Because of the high expression level and the ability to bypass some of the lesions (Figs 2 and 3) , we consider that PolY1 could play an important role in these DNA transactions within the cell. However, to establish whether its function is essential for cell growth, it is necessary to construct and test the viability of S.solfataricus mutant strains that are unable to express the corresponding gene or express structurally intact but inactive mutant protein.
We also examined the abilities of PolB1 and PolY1 to bypass various DNA lesions, i.e. the AP-site, 8-oxoG, uracil and hypoxanthine, using in vitro primer extension assays (Fig. 2) . Hyperthermophiles such as S.solfataricus are strictly dependent on high temperature for optimal growth and thus face problems, such as heat-induced depurination, oxidation and deamination in DNA. The depurinated product, i.e. the AP-site, is a major cytotoxic lesion in DNA while deamination of cytosine and adenine results in the formation of uracil and hypoxanthine, respectively, which can induce transition type mutations. To examine the possible contribution of PolY1 to reducing the cytotoxic effects of the AP-site, we conducted a bypass DNA synthesis assay using template DNA containing an AP-site. However, the lesion ef®ciently inhibited primer extension by both PolB1 and PolY1. Because the bypass ef®ciency beyond the AP-site was only marginal even with PolY1, we suggest that PolY1 may not play an important role in the tolerance mechanism against the cytotoxic damage of the AP-site in this organism.
Unlike the AP-site, 8-oxoG displayed different inhibitory effects on PolB1 and PolY1: it severely inhibited primer extension by PolB1 but not by PolY1. Because of the ability of PolY1 to bypass 8-oxoG, it may take over the primer end from PolB1 and extend across this lesion during DNA replication. In this respect it resembles other Y family DNA polymerases, such as DNA polymerases h and k, which readily bypass the 8-oxoG lesion (23±25). This raises the question of whether the bypass of 8-oxoG by PolY1 in vivo would be mutagenic. In our preliminary experiment PolY1 incorporated mainly A opposite 8-oxoG in the template (data not shown), which may indeed seem mutagenic. However, if one imagines that most of the 8-oxoG lesions are introduced into the template by the erroneous incorporation of 8-oxo-dGTP (15) in the ®rst place, the insertion of A opposite the lesion during the second round of replication would ®x the original error and therefore be error free. It is also possible that the base insertion speci®city opposite 8-oxoG is further modulated by accessory factors such as proliferating cell nuclear antigen, replication factor C and RPA, normally participating in replication in vivo. The`read-ahead' mechanism is a unique function by which archaeal B family DNA polymerases such as Pfu detect uracil in the template strand during DNA synthesis. Pfu DNA polymerase stalls 4 bp upstream of a template uracil, thereby preventing the irreversible ®xation of a G:C®A:T mutation. Thermophilic bacterial DNA polymerases, such as Taq DNA polymerase, or viral B family DNA polymerases, such as T4 DNA polymerase, can read through a template strand uracil without indication of a stall. Here, we demonstrate for the ®rst time that not only uracil but also the deamination product of adenine, i.e. hypoxanthine (deoxyinosine), is recognized by the`read-ahead' mechanism. Pfu stalled 3±4 bp before hypoxanthine as well as uracil in the template strand (Fig. 3) . In addition, PolB1 also displayed a similar stalling behavior, although it extended a small fraction of primers to the fulllength products, particularly in the case of hypoxanthine. Thus, we speculate that hypoxanthine ®ts into the uracilbinding pocket (3) in the N-terminal domain of Pfu as well as PolB1. This notion is supported by the strong binding of PolB1 to uracil and hypoxanthine in ssDNA (Table 1 and Fig. 5A ). The precise determination of the structural aspects of deaminated base recognition by PolB1 and Pfu should await a co-crystallization study including the whole enzyme or the uracil-binding pocket domain and substrate. It remains to be experimentally con®rmed whether the inhibition of B family archaeal DNA polymerases by deaminated DNA bases extends to other deamination products of, for example, guanine (i.e. xanthine), which was mentioned not to be inhibitory (13) .
It is conceivable that the free nucleotide pool is more prone to damage than the relatively stable and closed doublestranded DNA. In the light of this the introduction of modi®ed bases into DNA via erroneous incorporation of modi®ed dNTPs during chromosomal replication may represent a signi®cant source of DNA damage. In fact, in addition to the incorporation of 8-oxo-dGTP (15), we show here that the thermostable DNA polymerases also easily incorporate dUTP and dITP (Fig. 4) . The insertion of dITP into DNA can be particularly harmful since hypoxanthine pairs with all four bases with varying ef®ciencies (Fig. 4B) . To minimize the chances of such insertion, concentrations of both dUTP and dITP are kept low inside the cells by specialized pyrophosphatases (26±29). Despite ef®cient insertion, both uracil and hypoxanthine inhibit the B family archaeal DNA polymerases once introduced into the template. We have observed that PCR fails with B family archaeal DNA polymerases, but not Taq DNA polymerase, when uracil is incorporated into the template (data not shown). Primers containing deoxyinosine are also reported to fail in PCR if Pfu DNA polymerase is used (30) .
Because the 3-dimensional structures of archaeal DNA polymerases from both the B and Y families have recently been determined (3,8±10), it is now possible to explore the structural basis of speci®c lesion recognition by computer simulation approaches backed by site-directed mutagenesis studies. Because PolY1 could readily bypass all tested lesions except the AP-site we speculate that a polymerase switch takes place upon lesion encounter by PolB1 at the replication fork in vivo. Polymerase switching is actually quite a common process during lagging strand synthesis. Alternatively, a speci®c repair enzyme such as DNA glycosylase may be recruited to remove certain lesions from the template. Evidently, further studies will be needed to address these issues. Additionally, we anticipate that the lesion-tolerant PolY1 could prove useful in biotechnology applications such as forensic PCR, where the conventional DNA polymerases fail due to excessive damage to the DNA template.
